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Background. Many human immunodeficiency virus (HIV)-2-infected individuals remain aviremic and behave 
as long-term non-progressors but some progress to AIDS. We hypothesized that immune activation and T-cell turn- 
over would be critical determinants of non-progressor/progressor status. 

Methods. We studied 37 subjects in The Gambia, West Africa: 10 HIV-negative controls, 10 HIV-2-infected 
subjects with low viral loads (HIV-2-LV), 7 HIV-2-infected subjects with high viral loads (HIV-2-HV), and 10 
with HIV-1 infection. We measured in vivo T-cell turnover using deuterium-glucose labeling, and correlated results 
with T-ceU phenotype (by flow cytometry) and T-ceU receptor excision circle (TREC) abundance. 

Results. Immune activation (HLA-DR/CD38 coexpression) differed between groups with a significant trend: 
controls <HIV-2-LV <HIV-1 <HIV-2-HV (_P< .01 for all cell types). A similar trend was observed in the pattern 
of in vivo turnover of memory CD4^ and CD8^ T-cells and TREC depletion in naive CD4* T-cells, although 
naive T-cell turnover was relatively unaffected by either infection. T-cell turnover, immune activation, and progres- 
sor status were closely associated. 

Conclusions. HIV-2 non-progressors have low rates of T-cell turnover (both CD4^ and CD8^) and minimal 
immune activation; high viral load HIV-2 progressors had high values, similar to or exceeding those in HIV- 1 infection. 
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Human immunodeficiency virus (HIV)-2 infection 
represents a natural model for retroviral disease 
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in which non-progression is the norm. Although 
HIV-2 can cause an immunodeficiency syndrome in- 
distinguishable from HIV-1 -induced AIDS [1,2], 
many HIV-2-infected individuals do not develop im- 
munodeficiency within their lifetime and retain stable 
CD4 lymphocyte counts for many years [3]. Indeed in 
some West African populations, aviremic HIV-2 infec- 
tion has no independent impact on survival [4]. The 
marker of this low-risk state is a low or undetectable 
plasma viral load (VL) [3, 5], which remains stable for 
many years [4]. Aviremic or low viral load HIV-2 infec- 
tion thus mirrors the therapeutic target state of "func- 
tional cure," characterized by "long-term control of 
HIV in the absence of antiretroviral treatment" (ART) 
[6] and represents an instructive model for mitigation of 
retroviral pathology [1,2]. 

This propensity for non-progression cannot be ex- 
plained solely in virological terms. First, in vitro cyto- 
pathogenicity for CD4^ T-cells is similar for HIV-1 
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and HIV-2 [7]. Second, although high HIV-2 viral loads indi- 
cate patients likely to progress [3, 8] and correlate with mortal- 
ity, as for HIV-1 [9], advanced pathogenic HIV-2 occurs at 
relatively low viral loads [10], approximately one logio lower 
than those in HIV-1 -infected groups with similar mortality 
[9]. It seems likely, therefore, that HIV-2 non-progression re- 
sults from a more propitious immune response comprising 
(1) better protection, and (2) less immunopathology. 

Several lines of evidence support the concept of greater im- 
mune protection. First, in HIV-2 infection, CD4^ T-cells retain 
better proliferative capacity, remain less differentiated, and elicit 
more polyfunctional responses than in HIV-1 infection [II]. 
Second, CD8^ T-cell responses, while retaining functional flex- 
ibility [12], appear highly focused [13] with abundant polyfunc- 
tional, relatively undifferentiated. Gag-specific effectors [14]. 
Furthermore, HIV-l/HIV-2 coinfection appears to protect 
against HIV-1 pathogenicity [15], although this observation is 
contentious [16] and not supported by meta-analysis [17]. 

Concurrently, immune responses in HIV-2 infection appear 
less immunopathogenic. In HIV-1 infection, immune activation 
is a pivotal mediator of immunopathology, strongly predicting 
disease progression [18]. HIV-2 cohorts have lower levels of im- 
mune activation, intermediate between seronegative controls 
and HIV-1 -infected groups [19], consistent with the "less acti- 
vation/better outcome" paradigm. However, such cohorts typi- 
cally include few HIV-2 subjects with detectable/high VL and 
low CD4 counts. When analyzed separately, HIV-2 high viral 
load progressors demonstrate highly activated immune profiles, 
similar to those in HIV-1 infection [20]; indeed, HIV-2 may in- 
duce greater immune activation per unit viremia [21]. In HIV-2, 
immune activation correlates with clinical parameters, such as 
wasting, functional performance, and mortality [20], and solu- 
ble markers of immune activation (|32-microglobulin, neopter- 
in, and sUPAR) predict mortality in the same way for HIV-2 
and HIV-1, despite their widely disparate viral loads and CD4 
counts [21]. Excessive immune activation in the subpopulation 
of HIV-2 patients with viremia may explain why they develop 
AIDS or die at relatively high CD4 counts [19]. Once profound 
CD4 lymphopenia (<200 cells/|iL) has developed, mortality is 
similar for both HIV-2 and HIV-1 infection [20]. 

The well-recognized link between immune activation and im- 
munopathology remains poorly explained, but exhaustion of 
homeostatic T-ceU replacement by accelerated turnover, a char- 
acteristic feature of HIV-1 infection [22-24], may be critical. 
Memory T-cells appear most affected, irrespective of viral tro- 
pism [25]; by contrast, in early disease, naive T-ceUs remain rel- 
atively unaffected [25]. In later-stage disease, rates of loss of 
naive cells, whether by direct viral targeting, activation, or accel- 
erated homeostatic turnover, may exceed their normally slow 
homeostatic replacement [26,27]. We therefore hypothesized 
that long-term survivor, low viral load HIV-2-infected subjects 
would have low levels of immune activation and low (normal) 



rates of T-cell turnover, while HIV-2-infected subjects with 
high viral loads would have accelerated turnover, similar to 
those in HIV-1 -infected individuals. To test these hypotheses, 
we measured in vivo T-cell turnover using oral deuterium- 
glucose labeling [28] and compared the results to activation sta- 
tus by immunophenotyping, and replicative history from T-cell 
receptor excision circle (TREC) abundance, in asymptomatic 
HIV-1- and HIV-2-infected subjects in an HIV-2-endemic 
area of Africa. 

METHODS 

Ethics Statement 

All subjects gave written informed consent; the study was ap- 
proved by the Gambia Government/Medical Research Council 
Joint Ethics Committee. All procedures were conducted in ac- 
cordance with the ethical standards of the Helsinki Declaration. 

Clinical 

Four groups of subjects were recruited from a clinical cohort at 
the Medical Research Council (UK) in Fajara, The Gambia, 
West Africa: (1) healthy HIV-negative controls, (2) HIV-2- 
infected subjects with low plasma viral loads (<100 viral cop- 
ies/mL), (3) HIV-2-infected subjects with high viral loads 
(>1000 viral copies/mL), thus considered likely to progress rap- 
idly to AIDS, and, (4) HIV-1 -infected subjects. A CD4 count of 
>500 cells/|iL at screening was an entry criterion, as we wished 
to investigate early events in HIV pathogenesis. AU were ART- 
naive, aged >18 years, clinically well with no apparent intercur- 
rent Olness, no fever, a negative malaria film, a hemoglobin level 
of >10 g/dL, and fasting glucose <6 mmol/L. Target recruit- 
ment was 10 per group; however, as few HIV-2-infected patients 
have detectable viral loads, recruitment to this group only 
reached 7 subjects. Thirty- eight subjects entered the study but 
1 control subject declined foUow-up. 

Immunophenotyping and T-cell Receptor Excision Circle 
Abundance Analysis 

Peripheral blood mononuclear cells were stained for expression of 
CD3, CD4, CD8, CD45R0, CD45RA, human leukocyte antigen 
(HLA)-DR, CD38, Ki67, CD95, Annexin V, and programmed 
death- 1 (PD-1) in 3 overlapping panels (see Supplementary In- 
formation). Data acquired by multicolor flow cytometry (CyAn, 
Beckman Coulter) were analyzed by Flowjo software (Tree Star) 
(Supplementary Figure 1). T-ceU receptor excision circle abun- 
dance (TREC) quantification was performed as previously de- 
scribed [29] (Supplementary Information) and expressed as 
TREC per 10^ CD4+ or CD8+ CD45R0" T-cells. 

In Vivo Turnover Measurements 

Proliferation and disappearance rates of lymphocyte subpopu- 
lations were measured using deuterium-glucose labeling 
[28,30]. Subjects received 60g of 6,6-^H2-glucose (Cambridge 
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Isotopes) orally in half-hourly aliquots over 10 hours, as de- 
scribed [31], monitoring plasma glucose deuterium-enrichment 
for precursor estimation. Blood was taken 4, 10, and 21 days 
post-labeling and peripheral blood mononuclear cell fractions 
sorted by negative-selection for CD45R0 and CD45RA into 
"naive" (CD45R0") and "memory" (CD45RA") sub- 
populations, then by positive-selection for CDS and CD4 
using antibody-coated magnetic beads (MUtenyi Biotec) (Sup- 
plementary Information) [31]. Purities were confirmed with 
both CD45RA and CD45R0. (Definition of "naive" cells by 
CD45R0~ would have an expected specificity of 97%-98% for 
CD4 cells and 87%-93% for CDS cells [32].) Lymphocyte sub- 
populations were analyzed for DNA deuterium-labeling by gas 
chromatography mass spectrometry, as described [2S, 33]. 

Modeling/Statistics 

In order to compare in vivo T-cell proliferation rates, we 
modeled the incorporation of deuterium into deoxyadenosine 
of cellular DNA, as previously described (Supplementary Infor- 
mation) [34], to derive an in vivo proliferation rate, p, which 
relates to the whole population, and a disappearance/death 
rate, d*, which relates only to recently divided, labeled cells. 
Modeling was performed using Sigmaplot (Systat Software) 
and statistical comparisons using Prism (GraphPad Software). 
Comparisons were nonparametric (Kruskal-Wallis), except 
where data passed D'Agostino-Pearson normality testing, 
when parametric analysis of variance was used. 

RESULTS 

Clinical Details 

Clinical details are summarized in Table 1. As expected from 
the entry criteria (CD4 >500 cells/|iL), CD4 counts were similar 
between groups, while CDS counts were higher in HIV-1- 
infected subjects than in other groups. HIV- 1 -infected subjects 



tended to have a lower body weight, while controls were youn- 
ger than HIV-infected subjects in the HIV-1 and HIV-2-HV 
groups. Notably, low viral load HIV-2 subjects had documented 
non-progression for a median of 11. S years. 

HIV-2 Non-progressors are Characterized by Low Levels of 
Immune Activation in Naive and Memory T-cell Populations 

When we investigated levels of immune activation (HLA-DR/ 
CD3S coexpression) by flow cytometry within CD4*- and 
CDS^-naive and memory T-cell subsets (defined by CD45RA^ 
or CD45R0* expression, respectively), we found a similar pat- 
tern for all 4 T-cell subpopulations. Immune activation levels 
remained low in HIV-2 low viral load subjects, close to control 
values, but were highest in HIV-2 subjects with high viral loads 
(Figure I), similar to or exceeding levels in HIV-1 -infected sub- 
jects (Table 2). Although this has previously been observed in 
other cohorts [20], a novel aspect here is the separation of 
naive and memory cells, cognizant that involvement of the 
naive pool may be pivotal in disease progression. We found 
that activation was induced in both naive and memory compart- 
ments in HIV-1 and HIV-2-HV, but not significanfly in either 
compartment in HIV-2-LV. In all T-cell subgroups, median im- 
mune activation followed the same trend: controls <HIV-2-LV 
<HIV-1 <HIV-2-HV. When ranked in this order using a categor- 
ical variable (1-4), correlation analysis demonstrated a highly sig- 
nificant hierarchy for all four T-ceU subpopulations (Figure 1). In 
order to investigate whether immune activation cosegregated 
with other parameters according to subject group, this hierarchi- 
cal ranking was used in subsequent analyses. 

Markers of cell death, such as the early apoptotic marker An- 
nexin V and CD95 (Fas or APO-1), were similar between groups, 
although an excess in Bcl-2 expression was seen in 3 out of 4 
T-cell subsets in HIV-2-HV subjects. PD-1 expression was higher 
on memory than naive T-cells as expected, but no significant dif- 
ferences were found between HIV-infected and control subjects. 



Table 1. Subject Characteristics 




Controls 


HIV-2-LV 


HIV-2-HV 


HIV-1 


PValue^ 


N 


10 


10 


7 


10 




Gender (F:M) 


7:3 


8:2 


7:0 


6:4 




Age (years) 


26.5 (23-35) 


41.0 (38-46) 


38.0 (35-52) 


42.0 (29-55) 


<.005 


Viral load (copies/mL) 


N/A 


<100 


2834 (2028-121 199) 


186347 (53 249-486 378) 


<.001 


CD4 count (cells/MU 


872 (747-1286) 


946 (681-1019) 


761 (530-980) 


780 (575-854) 


.263 


CD4% 


40.5 (38-45) 


35.5 (32-45) 


37.0 (32-39) 


27.5 (35-21) 


.004 


CDS count (cells/MU 


689 (456-774) 


750 (549-1047) 


637 (427-804) 


1 076 (926-1 600) 


.010 


Weight (kg) 


63.7 (61.4-84.1) 


71.8 (62.3-80.7) 


66.4 (58.7-96.2) 


54.8 (50.0-63.2) 


.023 


Time in cohort (years) 


N/A 


11.8 (4.1-14.8) 


5.7 (1.0-11.7) 


1.3 (0.9-5.5) 


.020 



Values are median (IQR). 

Abbreviations: ANOVA, analysis of variance: HIV, human immunodeficiency virus: HIV-2-HV, HIV-2 infected with high viral load (>1000 copies/mL): HIV-2-LV, HIV-2 
infected with low viral load (<100 copies/mL): IQR, interquartile range: N/A, not applicable. 
" P represents comparison of groups by ANOVA (Kruskal-Wallis). 
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Figure 1. HIV-I and HI\/-2 at high viral loads induce immune activation in both naive and memory T-cell subsets. Values represent proportion of T-cells 
coexpressing HLA-DR and CD38, as median, interquartile (box) and range (whiskers) within the following populations: (A) CD4^CD45RA^ and (S) 
CD8+CD45RA+ "naive" cells; [C] CD4+CD45RA- and [D] CD8+CD45RA- "memory" cells. HIV-2-LV and HIV-2-HV refer to low and high viral load HIV-2-in- 
fected subjects. Group differences tested by ANOVA: {A) 0.012, (6) <0.001, (C) 0.059, (D) <0.001; *P< .05 by post hoc (Tukey) test. Hierarchical trend analysis 
across groups ranked in this order, F<.01 for all cell types. No differences were observed between memory and naive CD4* T-cells, median values, all 
subjects, CD45RA'^ 4.51% versus CD45RA" 4.30% (P=.554), but in CDS"^ cells, activation was greater in memory cells, median CD45RA+: 5.72 versus 
CD45RA~: 12.8% (P<.0001, Wilcoxon matched-pairs signed rank test). Abbreviations: ANOVA, analysis of variance; HIV, human immunodeficiency 
virus; HIV-2-HV, HIV-2 infected with high viral load (>1000 copies/mL); HIV-2-LV, HIV-2 infected with low viral load (<100 copies/mL); HLA, human leukocyte 
antigen. 



The primary phenotypic difference between T-cells in HIV-2 
non-progressors and progressors therefore appears to relate to 
their very disparate levels of immune activation. 

Accelerated Turnover Occurs Predominantly in Memory T-cell 
Compartments in High Viral Load HIV-2 and HIV-1 Infection 

T-cell turnover was assessed using three complementary ap- 
proaches: Ki67 expression by flow cytometry, in vivo turnover 
from deuterium-labeling, and TREC content. 

Ki67 Expression 

The nuclear protein antigen Ki67 was used as an indirect mark- 
er for "proliferation," being present during cell cycle but not in 
GO (resting) cells. As expected, Ki67 expression was generally 
low in naive T-cells, commensurate with their slow turnover 
[26,27,35], but tended to be elevated in naive cells from 
HIV-2 subjects with high viral loads (Table 2). For memory 



cells, Ki67 expression was highest in HIV-2-HV subjects, 
9.1% and 11.1% in CD4+ and CD8+ cells, respectively, about 
twice control values, 4.9% and 5.6% (Table 2). By contrast, 
Ki67 levels in HIV-2-LV remained similar to control values. 
Ki67 expression followed the same hierarchy across groups 
(controls <HIV-2-LV <HIV-1 <HIV-2-HV; P<.05 for both 
CD4^ and CD8^; Figure 2) as immune activation. 

In Vivo Turnover 

Enrichment curves from in vivo deuterated glucose-labeling 
showed lower enrichment levels in naive cells than in memory 
cells, indicative of slower turnover, as previously described [28]. 
When compared between subject groups, HIV-2-HV subjects had 
significantly higher enrichment peaks in memory cells 
than control subjects {P < .05 for both CD4+ and CD8+; 
Table 3). Magnitude of peak enrichment demonstrated the 
same hierarchy across groups as seen with immune activation 
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Table 2. Immune Activation, Ki67 Expression, and TREC Content in Lymphocyte Subsets in Control and HIV-infected Subjects 



Controls HIV-2-LV HIV-2-HV HIV-1 P Value' 



CD4+CD45RA+ 2.83(1.45-4.69) 3.98(3.39-4.47) 9.94(6.40-16.0) 6.15(3.92-6.95) .012 



CD8+CD45RA+ 


2.80 (2.05-3.48) 


5.47 (4.15-6.05) 


14.89 (6.97-21.1) 


8.41 (6.13-9.69) 


<.001 


CD4*CD45RA- 


2.33 (1 .47-3.48) 


3.77 (3.04-6.05) 


6.14 (3.59-21.1) 


5.12 (4.46-9.69) 


.059 


CD8+CD45RA" 












Ki67 expression (%) 












CD8+CD45RA+ 


3.22 (1.88-4.06) 


1.93 (1.78-2.34) 


4.51 (3.30-11.0) 


2.69 (2.22-3.29) 


.052 


CD4+CD45RA- 


4.88 (3.07-4.06) 


4.84 (4.14-2.34) 


9.14 (7.09-11.0) 


6.56 (5.01-3.29) 


.055 


CD8*CD45RA- 


5.61 (4.19-6.90) 


4.99 (3.53-6.90) 


11.06 (6.93-16.1) 


8.14 (7.05-11.1) 


.035 


sjTREC (log copies/10^ cells) 


CD4+CD45R0- 


4.43 (4.17-4.51) 


4.13 (3.63-4.17) 


3.58 (3.38-3.65) 


4.10 (3.33-4.41) 


.004 


CD8+CD45R0" 


4.23 (4.06-4.40) 


4.03 (3.90-4.21) 


3.49 (3.33-4.02) 


4.00 (3. 94-4. 11) 


.189 



Values represent median (IQR). 

Abbreviations: ANOVA, analysis of variance; HIV, human immunodeficiency virus; HIV-2-HV, HIV-2 infected with high viral load (>1 000 copies/mL); HIV-2-LV, HIV-2 
infected with low viral load (<100 copies/mL); IQR, interquartile range; TREC, T-cell receptor excision circle. 
° P value represents comparison of groups by ANOVA. 
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Figure 2. Ki67 expression in naive and memorY T-cells in controls and hllV infection. Values represent proportion of cells expressing Ki67 within T-cells 
populations: {A) CD4*CD45RA* and (fl) CD8*CD45RA* "naive" cells; (C) CD4*CD45RA~ and (D) CD8*CD45RA~ "memory" cells. Line, box and whiskers 

represent median, IQR and range; outliers shown as dots using Tukey criteria. Group differences tested by ANOVA: {A) 0.082, (6) 0.052, (C) 0.055, (D) 
0.035; *P< .05 by post hoc (Tukey) test. Trend analysis, P< .05 for both CD4* and CD8^ memory (CD45RQ^) populations. Abbreviations: ANOVA, analysis 
of variance; HIV, human immunodeficiency virus; HIV-2-HV, HIV-2 infected with high viral load (>1000 copies/mL); HIV-2-LV, HIV-2 infected with low viral 
load (<100 copies/mL); IQR, interquartile range. 
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Table 3. Turnover Rates of T-cell Subsets 





Controls 


HIV-2-LV 


HIV-2-HV 


HIV-1 


P Value 


Naive T-cells (CD45R0") 


CD4+ 


Peak (%) 


0.34 (0.30-0.79) 


0.61 (0.41-0.79) 


0.53 (0.23-0.93) 


0.45 (0.25-0.85) 


.520 


p (%/day) 


0.47 (0.34-0.56) 


0.44 (0.11-0.72) 


0.53 (0.20-1.13) 


0.40 (0.23-0.84) 


.492 


T2 (days) 


148 (124-229) 


142 (92-227) 


137 (69-409) 


1 73 (83-336) 


.806 


CD8+ 


Peak 


0.44 (0.22-0.66) 


0.47 (0.37-0.65) 


0.66 (0.48-0.96) 


0.88 (0.47-1.01) 


.019 


p (%/day) 


0.30 (0.23-0.52) 


0.38 (0.23-0.80) 


0.66 (0.45-0.99) 


0.69 (0.33-1.61) 


.136 


T2 (days) 


232 (135-312) 


1 82 (90-289) 


105 (72-176) 


100 (43-210) 


.182 


Memory T-cells (CD45RAn 


CD4* 


Peak (%) 


1.08 (0.77-1.70) 


1.46 (1.22-1.94) 


2.32 (1.12-3.57) 


1 .85 (1 .33-3.73) 


.028 


p (%/day) 


1.30 (1.00-2.47) 


1.98 (1.30-2.50) 


1 .87 (1 .57-6.72) 


2.36 (1.52-5.19) 


.047 


T2 (days) 


54 (28-72) 


35 (28-53) 


37 (10-44) 


29 (13-46) 


.055 


CD8+ 


Peak (%) 


0.85 (0.58-1.47) 


1.50 (0.97-1.82) 


2.65 (1.47-5.02) 


1 .60 (1 .00-3.34) 


.008 


p (%/day) 


1.55 (0.71-2.06) 


1.85 (1.20-2.29) 


3.44 (2.44-7.11) 


2.24 (1.10-5.27) 


.010 


T2 (days) 


45 (35-98) 


38 (30-58) 


20 (9-28) 


32 (13-63) 


.031 



Peak is the maximum level of isotope labeling, corrected for glucose enrichment to derive an equivalent for 1 day's labeling; p, modeled proliferation rate constant; 
T2, doubling time of cells, within that pool, calculated as ln(2)/p. Values are median (IQR). P values by ANOVA; for T2 data was log-transformed. 
Abbreviations: ANOVA, analysis of variance; HIV, human immunodeficiency virus; HIV-2-HV, HIV-2 infected with high viral load (>1000 copies/mL); HIV-2-LV, HIV-2 
infected with low viral load (<100 copies/mL); IQR, interquartile range. 



and Ki67 expression (controls <HIV-2-LV <HIV-1 <HIV-2- 
HV) in naive CDS"^ cells and both CD4'^ and CDS"^ memory 
cells (Table 3). 

When turnover rates were modeled to derive proliferation 
rate constants (p), we found that CD4^ naive cell turnover 
was relatively unaffected by disease status, having a turnover 
rate of about 0.5%/day in all groups, equivalent to a lifespan 
of about 150 days (Table 3). Although a trend toward accelerat- 
ed turnover in CD8"^ naive cells in HIV-2-HV and HIV-1 was 
seen, it was not significant. In memory cells, turnover showed a 
significant trend when analyzed using the same ranking as im- 
mune activation (controls <HIV-2-LV <HIV-1 <HIV-2-HV; 
Figure 3; P<.01 for CD4+ and CDS"^ memory cells). The 
most marked effect was seen in the CD8^ compartment, 
where memory cell turnover was doubled in HIV-2-HV from 
1.55% (controls) to 3.44%/day, while changes in memory turn- 
over in HIV-2-LV were minimal compared to control subjects 
(Table 3; Figure 3). Not unexpectedly, disappearance kinetics 
(d*) did not differ between groups; they contribute to calculated 
values for proliferation, but, in short-term labeling studies such 
as this, contribute little as independent parameters, referring 
only to the small fraction of labeled cells [28]. 

TREC Content 

TREC content showed the same hierarchy as described above in 
CD4* cells, but reversed, with the lowest values in naive T-ceUs 



of HIV-2 high viral load subjects (Figure 4; Table 2). Age was an 
independent predictor of TREC content (P=.004), but, after 
controlling for age by multiple regression, the effect of infection 
status was stOl independently significant {P= .022). CD8^ cells 
appeared to show a similar hierarchy, but this was not signifi- 
cant (Figure 4). 

Predictors of T-cell Turnover in HIV-2 Infection 

In order to understand the factors contributing to the known 
risk of HIV-related disease in the four subject groups (ie, 
none in controls, low-risk in HIV-2-LV [20], and high-risk in 
HIV-2-HV and HIV-1), we investigated relationships between 
parameters. For memory CD4* T-cells, we found that, although 
proliferation rates were associated with viral load (Supplemen- 
tary Figure 2A) and CD4 lymphopenia (Supplementary Fig- 
ure 25), the strongest association was with immune activation 
(HLA-DR/CD38 coexpression; Supplementary Figure 2C), al- 
though it should be noted that no markedly lymphopenic sub- 
jects were recruited. As expected, in vivo proliferation and Ki67 
expression showed a significant correlation (P < .005; Supple- 
mentary Figure 2D), although not directly measuring the 
same physiological process. 

For memory CD8* T-cells, even stronger relationships were 
seen; immune activation strongly predicted in vivo turnover 
(Supplementary Figure 2G; r = .796, and P < .001) and Ki67 ex- 
pression (0.696; P< .001). As for CD4* T-cells, relationships 
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Figure 3. Proliferation rates of T-cell subpopulations in controls and HIV infection. Modeled proliferation rate constants (p) in CUA* and CD8"^ T-cell 
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There was a significant trend across groups for 004"^ and CDS* memory cells (P< .006, .001, respectively), but not for naive cells. Specific group differences 
tested by ANOVA: naive cells, not significant; memory cells, P= .047, .010, for 004"^ and CD8^ respectively; *P< .05 by post hoc test. Abbreviations: ANOVA, 
analysis of variance; HIV, human immunodeficiency virus; HIV-2-HV, HIV-2 infected with high viral load (>1000 copies/mL); H1V-2-LV, HIV-2 infected with low 
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with viral load and CD4 lymphopenia were weaker, but still sig- 
nificant (Supplementary Figure 2E and 2F). Interestingly, even 
in the control group there was a correlation between HLA-DR/ 
CD38 coexpression and modeled proliferation rate (data not 
shown), suggesting that these methodologies are sufficiently 
sensitive to demonstrate subclinical inflammation or infection 
in clinically "healthy" controls. 

DISCUSSION 

Control of HIV, with low or absent viremia, well-maintained 
CD4 counts, and absence of clinical disease, may be achieved 
in several ways. Elite controllers, for example, who represent 
about 1% of HIV- 1 infected subjects, control viremia through 
strong CD8^ cytotoxic T lymphocyte (CTL) responses (with 
CD8^ T-cell activation); they have favorable HLA types for 
HIV-epitope presentation. A different pattern is seen in "post- 
treatment controllers," who remain aviremic even after discon- 
tinuation of ART initiated during primary infection; their well 
being appears to result from low levels of immune activation 
rather than strong CTL responses [36]. Both patterns have 
wider implications as they inform pursuit of the goal of "func- 
tional cure," control of viremia without ART. HIV-2 infection 
represents a further informative model, as subjects at very low 
and at high risk of disease progression can be differentiated ac- 
cording to viral load status [4] ; indeed HIV-2-LV subjects in this 
cohort had a median untreated progression-free follow-up of 
approximately 12 years (Table 1). This dichotomy allows dissec- 
tion of likely protective factors from those predisposing to pa- 
thology [1,2]. Although a contribution from viral diversity 
cannot be excluded ( for example, HIV-2 capsid proteins, such 
as p26, appear to favor progressive disease [37]), this study fo- 
cuses on immunological factors. 

First, our observations confirm the divergence between low 
and high viral load subjects with HIV-2 infection [2,4]. We 
found clear differences between these groups in terms of immune 
activation, in vivo memory T-cell turnover, and Ki67 expression. 
Second, we found that the hierarchy of immune activation (con- 
trols <HIV-2-LV <HIV-1 <HIV-2-HV) predicted kinetic param- 
eters, including Ki67 expression, in vivo turnover, and TREC 
content. Third, we found that although both naive and memory 
cells showed an activated phenotype in high viral load HIV-2- 
infected individuals, the effect on proliferation was more marked 
in the memory T-cell compartment. These 3 observations were 
more marked for CDB^ T-cells. Fourth, while in low viral load 
HIV-2, TREC were relatively well preserved, consistent with 
well-preserved telomeres in this group [38], we found that 
TREC content tended to be lower in HIV-1 and HIV-2 progres- 
sors; more markedly in CD4^ cells. 

Our findings thus concur with the paradigm that immune ac- 
tivation is central to disease progression. Immune activation 
was the strongest predictor of T-cell turnover in both CD4* 



and CDS"^ populations (Supplementary Figure 2). This is con- 
sistent with the observation that, at simflar clinical disease stag- 
es, HIV-1- and HIV-2-infected subjects demonstrate similar 
levels of immune activation [21,39]. Our data add subset specif- 
icity to this paradigm; for example, naive CD8^ T-ceUs are even 
more activated by HIV-2 viremia than by HIV-1 (Figure IB), 
consistent with poor outcomes at viral loads about 1 logic 
lower in HIV-2 infection [9]. In parallel studies relating viral 
tropism to T-cell turnover, we also found that immune acti- 
vation was the primary determinant of turnover rather than 
viral specificity or lymphopenia [25]. Consistent with this 
model is the extreme example of the SIVsm-infected sooty man- 
gabey in which the absence of immune activation may explain 
how high-level viremia is tolerated without disease [40]. We 
interpret the association of CD4 lymphopenia with both 
CD4^ and CD8^ T-cell turnover (Supplementary Figure 2) 
as an indirect effect of immune activation rather than homeo- 
stasis, as CD4 lymphopenia affected both pools, whereas CD8 
lymphopenia affected neither (data not shown). Drivers of 
immune activation include loss of gastrointestinal integrity 
and activation of toll-like receptors by viral RNA [18]. The 
final pathway for CD4 cell death may be caspase-1 -mediated 
pyroptosis [41, 42]. 

We have previously observed the relative impunity of naive 
T-cells to the effects of viral infection on turnover in both 
HIV and acute Epstein-Barr virus infection [25,43]. In HIV-2 
high viral load patients, although we did not measure a change 
in turnover rate versus other groups, there stfll appears to be an 
effect on naive CD4^ cells, which have higher activation levels 
(Figure lA) and lower TREC abundance (Figure 4). TREC con- 
tent is determined both by thymic output and by replicative his- 
tory [44]. We attribute the independent effect of age to reduced 
thymic output, but hypothesize that the HIV-2-HV effect 
relates to greater cumulative mitotic history in this group. Re- 
duced TREC levels have also been demonstrated in Portuguese 
subjects with HIV-2 infection, albeit younger patients with un- 
detectable viral loads [45]. Our data suggest that HIV-2 viremia 
accelerates TREC dilution. The relative absence of an effect of 
HIV- 1 infection on TREC is consistent with other studies in 
early chronic HIV infection where thymic output appears to 
maintain TREC-high naive cell numbers [46] . Although all 
our subjects were in early chronic disease (in terms of CD4 
count), later involvement of the naive T-cell pool may be a crit- 
ical tipping point for progression, as naive cells are normally 
only very slowly replaced [26, 27]. 

The absence of differences in cellular markers of cell death or 
"exhaustion" (Annexin V, PD-1, 7AAD and CD95) may be the 
consequence of selecting a cohort with early disease (entry CD4 
count > 500 cells/|iL). Although previous studies have reported 
increased PD-1 expression in HIV-1 infection, this primarily af- 
fects virus-specific CD8^ [47] and antigen-specific CD4^ T-cells 
[48]. Other studies have found a less-marked effect of HIV-2 on 
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PD-1 -expression, consistent with our data [49]. The higher ex- 
pression of Bcl-2 (which is antiapoptotic) in HIV-2-HV sub- 
jects may represent a protective mechanism operating at high 
CD4 counts, before cells are lost. 

In vivo T-cell kinetics are technically difficult to estimate, but 
labeling approaches measuring stable isotope incorporation 
into DNA of dividing cells using either heavy water (deuterium 
oxide) or deuterium-labeled glucose have enabled direct nonin- 
vasive monitoring in humans [30]. Small changes may be diffi- 
cult to detect, hence the major limitation of this study is its size; 
further larger studies, including studies investigating specific 
memory T-cell subpopulations and more precisely defined 
naive T-cells, would elucidate our observations. Our definition 
of "naive" cells may be adequate for CD4^ cells, but for 
CD45R0~ CD8^ cell preparations would also have included 
some CD45RA-revertant "memory" cells [32]. Our decision 
not to investigate further T-cell subpopulations was based on 
logistic constraints; we limited our studies to subpopulations 
we could prepare in sufficient numbers by magnetic bead isola- 
tion (rather than flow cytometry), using limited blood sample 
volumes (a culturally sensitive issue), sorting only fresh cells 
(on the day of blood drawing), while promoting technology 
transfer by performing as much laboratory work on-site in 
The Gambia as possible. All samples were checked for purity 
by flow cytometry; sorted subsets that failed to meet a priori pu- 
rity criteria were excluded. Minor contamination (naive T-cells 
in memory cells, or vice versa) was corrected for mathematically 
(Supplementary Information). Some control subjects may have 
had subclinical infection or low-grade inflammation, as illus- 
trated by increased HLA-DR/CD38 coexpression and turnover 
in some control subjects, although they do represent a true pic- 
ture of the background asymptomatic state in The Gambia and 
so represent valid controls. Investigation of the relationship be- 
tween viremia, cell turnover, and the size of latent viral reser- 
voirs would also be instructive. 

The model of non-progression in HIV-2-LV subjects that 
emerges from this study is characterized by low, but not absent, 
levels of immune activation; indeed some CD8^ T-cell activa- 
tion may be beneficial. HIV-2-LV subjects resemble HIV-1 
elite controllers in that they have robust Gag-targeted polyfunc- 
tional T-cell responses [11, 13, 50], whose efficacy may be en- 
hanced by greater constraints on CTL escape in HIV-2 
infection [14]. The skewing of the cytokine profile of such 
cells away from perforin/cytotoxicity may explain the absence 
of immunopathology. In HIV-2, as in HIV-1, accelerated turn- 
over appears to be a critical component of the pathological pro- 
cess leading to chronic cell depletion [41,42]. Low levels of 
immune activation may protect cells from chronic depletion, 
as seen in posttreatment controllers [36]. Lessons from HIV-2 
suggest that a "functional cure" response needs to balance suf- 
ficient targeted anti-HIV immune reactivity to critical epitopes 
with an absence of generalized aberrant immune activation, and 



specifically protection of the naive T-cell pool against 
exhaustion. 

Supplementary Data 

Supplementary materials are available at The Journal of Infectious Diseases 
online (http://jid.oxfordjournals.org/). Supplementary materials consist of 
data provided by the author that are published to benefit the reader. The 
posted materials are not copyedited. The contents of all supplementary 
data are the sole responsibility of the authors. Questions or messages regard- 
ing errors should be addressed to the author. 

Notes 

Acknowledgments. We wish to acknowledge Ya Jankey Jagne, Sheikh 
Jarju, Pa Seidou Chow, and Bakary Sanneh for technical assistance at Med- 
ical Research Council (MRC) (UK), The Gambia. We are grateful to the field 
workers Joseph Bass and Famara Bojang, who worked tirelessly in subject 
recruitment, and MRC genitourinary medicine clinicians who clinically as- 
sessed prospective study subjects. We are grateful to Sister Vivat Thomas 
and her nursing colleagues who played an essential role in clinical studies. 
We thank Dr Thushan De Silva who helped in planning the study and Prof 
Sarah Rowland-Jones who helped create the opportunity for this study and 
made helpful comments on data interpretation. Most importantly, we ac- 
knowledge the contribution of study subjects who voluntarily participated 
in this study. 

Financial support. This work was supported by a research studentship 
and project funding from the South- West London Academic Network 
(SWAN) to A.H., by the Medical Research Council (UK) as part of The 
Gambia Unit, Quinquennial funding, and by the Biotechnology and Biolog- 
ical Sciences Research Council (Grant BB/G007934/1 to V.A.A.J.). The HIV 
Trust Funds (UK) supported travel and training for S.N., and D.C.M. also 
received support from the Medical Research Council (UK) while conducting 
these studies. 

Potential conflicts of interest. All authors: No reported conflicts. 

All authors have submitted the ICMJE Form for Disclosure of Potential 
Conflicts of Interest. Conflicts that the editors consider relevant to the con- 
tent of the manuscript have been disclosed. 

References 

1. Rowland- Jones SL, Whittle HC. Out of Africa: what can we learn from 
HIV-2 about protective immunity to HIV-1? Nat Immunol 2007; 
8:329-31. 

2. Nyamweya S, Hegedus A, Jaye A, Rowland-Jones S, Flanagan KL, Mac- 
aUan DC. Comparing HIV- 1 and HIV-2 infection: Lessons for viral rm- 
munopathogenesis. Rev Med Virol 2013; 23:221-40. 

3. Gottlieb GS, Sow PS, Hawes SE, et al. Equal plasma viral loads predict a 
similar rate of CD4* T cell decline in human immunodeficiency virus 
(HIV) type 1- and HIV-2-infected individuals from Senegal, West Af- 
rica. J Infect Dis 2002; 185:905-14. 

4. van der Loeff MF, Larke N, Kaye S, et al. Undetectable plasma viral load 
predicts normal survival in HIV-2-infected people in a West African 
village. Retrovirology 2010; 7:46. 

5. Berry N, Ariyoshi K, Jaffar S, et al. Low peripheral blood viral HIV-2 
RNA in individuals with high CD4 percentage differentiates HIV-2 
from HIV-1 infection. J Hum Virol 1998; 1:457-68. 

6. Lewin SR, Rouzioux C. HIV cure and eradication: how wUl we get from 
the laboratory to effective clinical trials? AIDS 2011; 25:885-97. 

7. Schramm B, Penn ML, Palacios EH, Grant RM, Kirchhoff F, Goldsmith 
MA. Cytopathicity of human immunodeficiency virus type 2 (HIV-2) in 
human lymphoid tissue is coreceptor dependent and comparable to that 
of HIV-1. J Virol 2000; 74:9594-600. 

8. Soriano V, Gomes P, Heneine W, et al. Human immunodeficiency virus 
type 2 (HIV-2) in Portugal: clinical spectrum, circulating subtypes, 
virus isolation, and plasma viral load. J Med Virol 2000; 61:111-6. 



760 • JID 2014:210 (1 September) • Hegedus et al 



9. Hansmann A, Schim van der Loeff MF, Kaye S, et al. Baseline plasma 
viral load and CD4 cell percentage predict survival in HIV-1- and HIV- 
2-infected women in a community-based cohort in The Gambia. J Ac- 
quir Immune Defic Syndr 2005; 38:335-41. 

10. Lucas SB, Hounnou A, Peacock C, et al. The mortality and pathology of 
HIV infection in a West African city AIDS 1993; 7:1569-79. 

11. Duvall MG, Precopio ML, Ambrozak DA, et al. Polyfunctional T cell 
responses are a hallmark of HIV-2 infection. Eur J Immunol 2008; 
38:350-63. 

12. Lopes AR, Jaye A, Dorrell L, et al. Greater CD8* TCR heterogeneity and 
functional flexibility in HIV-2 compared to HIV- 1 infection. J Immunol 
2003; 171:307-16. 

13. Leligdowicz A, Yindom LM, Onyango C, et al. Robust Gag-specific T 
cell responses characterize viremia control in HIV-2 infection. J Clin In- 
vest 2007; 117:3067-74. 

14. de Silva TI, Peng Y, Leligdowicz A, et al. Correlates of T-cell-mediated 
viral control and phenotype of CDS* T cells in HIV-2, a naturally con- 
tained human retroviral infection. Blood 2013; 121:4330-9. 

15. Esbjornsson J, Mansson F, Kvist A, et al. Inhibition of HIV-1 disease 
progression by contemporaneous HIV-2 infection. N Engl J Med 
2012; 367:224-32. 

16. van Tienen C, Schim van der LM, Whittle H. Effect of HIV-2 
infection on HIV-1 disease progression. N Engl J Med 2012; 
367:1961-3. 

17. Prince PD, Matser A, van Tienen C, Whittle HC, Schim van der Loeff 
MF. Mortality rates in people dually infected with HrV-1/2 and those 
infected with either HIV- 1 or HrV-2: a systematic review and meta- 
analysis. AIDS 2014; 28:549-58. 

18. Miedema F, Hazenberg MD, Tesselaar K, van Baarle D, de Boer RJ, Bor- 
ghans JA. Immune activation and collateral damage in AIDS pathogen- 
esis. Front Immunol 2013; 4:298. 

19. Hanson A, Sarr AD, Shea A, et al. Distinct profile of T cell activation 
in HIV type 2 compared to HIV type 1 infection: differential mecha- 
nism for immunoprotection. AIDS Res Hum Retroviruses 2005; 21: 
791-8. 

20. Leligdowicz A, Feldmann J, Jaye A, et al. Direct relationship between 
virus load and systemic immune activation in HIV-2 infection. J Infect 
Dis 2010; 201:114-22. 

21. Nyamweya S, Townend J, Zaman A, et al. Are plasma biomarkers of im- 
mune activation predictive of HIV progression: a longitudinal compar- 
ison and analyses in HIV-1 and HIV-2 infections? PLOS One 2012; 7: 
e44411. 

22. Mohri H, Perelson AS, Tung K, et al. Increased turnover of T lympho- 
cytes in HIV-1 infection and its reduction by antiretroviral therapy. J 
Exp Med 2001; 194:1277-87. 

23. Kovacs JA, Lempicki RA, Sidorov lA, et al. Identification of dynamically 
distinct subpopulations of T lymphocytes that are differentially affected 
by HIV. J Exp Med 2001; 194:1731-41. 

24. Hellerstein M, Hanley MB, Cesar D, et al. Direcdy measured kinetics of 
circulating T lymphocytes in normal and HIV-1 -infected humans. Nat 
Med 1999; 5:83-9. 

25. Zhang Y, De Lara C, Worth A, et al. Accelerated in vivo proliferation of 
memory phenotype CD4* T-cells in human HIV-1 infection irrespec- 
tive of viral chemokine co-receptor tropism. PLOS Pathog 2013; 9: 
el003310. 

26. Macallan DC, Asquith B, Irvine AJ, et al. Measurement and modeling of 
human T cell kinetics. Eur J Immunol 2003; 33:2316-26. 

27. den Braber I, Mugwagwa T, Vrisekoop N, et al. Maintenance of periph- 
eral naive T cells is sustained by thymus output in mice but not humans. 
Immunity 2012; 36:288-97. 

28. Macallan DC, Asquith B, Zhang Y, et al. Measurement of proliferation 
and disappearance of rapid turnover cell populations in human studies 
using deuterium-labeled glucose. Nat Protoc 2009; 4:1313-27. 

29. Mitchell WA, Lang PO, Aspinall R. Tracing thymic output in older in- 
dividuals. Clin Exp Immunol 2010; 161:497-503. 



30. Westera L, Zhang Y, Tesselaar K, Borghans JA, Macallan DC. Quanti- 
tating lymphocyte homeostasis in vivo in humans using stable isotope 
tracers. Methods Mol Biol 2013; 979:107-31. 

31. Ghattas H, Darboe BM, Wallace DL, Griffin GE, Prentice AM, Macallan 
DC. Measuring lymphocyte kinetics in tropical field settings. Trans R 
Soc Trop Med Hyg 2005; 99:675-85. 

32. De Rosa SC, Herzenberg LA, Herzenberg LA, Roederer M. 11-color, 13- 
parameter flow cytometry; identification of human naive T cells by phe- 
notype, function, and T-cell receptor diversity. Nat Med 2001; 7:245-8. 

33. Busch R, Neese RA, Awada M, Hayes CM, Hellerstein MK. Measure- 
ment of cell proliferation by heavy water labeling. Nat Protoc 2007; 
2:3045-57. 

34. Asquith B, Debacq C, Macallan DC, WUlems L, Bangham CR. Lympho- 
cyte kinetics: the interpretation of labelling data. Trends Immunol 2002; 
23:596-601. 

35. Hellerstein MK, Hoh RA, Hanley MB, et al. Subpopulations of long- 
lived and short-lived T cells in advanced HIV-1 infection. J Clin Invest 
2003; 112:956-66. 

36. Saez-Cirion A, Bacchus C, Hocqueloux L, et al. Post-treatment HIV-1 
controllers with a long-term virological remission after the interruption 
of early initiated antiretroviral therapy ANRS VISCONTI Study. PLOS 
Pathog 2013; 9:el003211. 

37. Onyango CO, Leligdowicz A, Yokoyama M, et al. HIV-2 capsids distin- 
guish high and low virus load patients in a West African commimity 
cohort. Vaccine 2010; 28 (Suppl 2):B60-7.:B60-B67. 

38. Tendeiro R, Albuquerque AS, Foxall RB, et al. Preserved CD4 T-ceH 
telomere length during long-lasting HIV-2 infection. AIDS 2013; 27: 
289-92. 

39. Nowroozalizadeh S, Mansson F, da Silva Z, et al. Microbial tianslocation 
correlates with the severity of both HIV-1 and HIV-2 infections. J Infect 
Dis 2010; 201:1150-4. 

40. Kaur A, Di MM, Barabasz A, et al Dynamics of T- and B-lymphocyte 
turnover in a natiu-al host of simian immunodeficiency virus. J Virol 
2008; 82:1084-93. 

41. Doitsh G, Galloway NL, Ceng X, et al. Cell death by pyroptosis drives 
CD4 T-cell depletion in HIV-1 infection. Nature 2014; 505:509-14. 

42. Monroe KM, Yang Z, Johnson JR, et al. IFI16 DNA sensor is required 
for death of lymphoid CD4 T cells abortively infected with HIV. Science 
2014; 343:428-32. 

43. Macallan DC, Wallace DL, Irvine AJ, et al. Rapid turnover of T cells in 
acute infeclious mononucleosis. Eur J Immunol 2003; 33:2655-65. 

44. Hazenberg MD, Verschuren MC, Hamann D, Miedema F, van Dongen 
JJ. T cell receptor excision circles as markers for recent thymic emi- 
grants: basic aspects, technical approach, and guidelines for interpreta- 
tion. J Mol Med (Berl) 2001; 79:631-40. 

45. Gautier D, Beq S, Cortesao CS, Sousa AE, Cheynier R. Efficient thymo- 
poiesis contributes to the maintenance of peripheral CD4 T cells diu'ing 
chronic human immimodeficiency virus type 2 infection. J Virol 2007; 
81:12685-8. 

46. Nokta MA, Li XD, Al-Harthi L, et al. Entrapment of recent thymic em- 
igrants in lymphoid tissues from HIV-infected patients: association 
with HIV cellular viral load. AIDS 2002; 16:2119-27. 

47. Day CL, Kaufinaim DE, Kiepiela P, et al. PD-1 expression on HlV-spe- 
cific T cells is associated with T-cell exhaustion and disease progression. 
Nature 2006; 443:350-4. 

48. D'Souza M, Fontenot AP, Mack DG, et al. Programmed death 1 expres- 
sion on HIV-specific CD4+ T cells is driven by viral replication and as- 
sociated with T cell dysfunction. J Immunol 2007; 179:1979-87. 

49. Tendeiro R, Foxall RB, Baptista AP, et al. PD-1 and its ligand PD-Ll are 
progressively up-regulated on CD4 and CD8 T-cells in HIV-2 infection 
irrespective of the presence of viremia. AIDS 2012; 26:1065-71. 

50. Gillespie GM, Pinheiro S, Sayeid-Al-Jamee M, et al. CD8+ T cell re- 
sponses to hiunan immunodeficiency viruses type 2 (HIV-2) and type 
1 (HIV-1) gag proteins are distinguishable by magnitude and breadth 
but not cellular phenotype. Eur J Immunol 2005; 35:1445-53. 



Immime Responses in HIV-2 Infection • JID 2014:210 (1 September) • 761 



